Abstract. Climate change is expected to have a large impact on water resources worldwide. A major problem in assessing the potential impact of a changing climate on these resources is the difference in spatial scale between available climate change projections and water resources management. Regional climate models (RCMs) are often used for the spatial disaggregation of the outputs of global circulation models. However, RCMs are time-intensive to run and typically only a small number of model runs is available for a certain region of interest. This paper investigates the value of the improved representation of local climate processes by a regional climate model for water resources management in the tropical Andes of Ecuador. This region has a complex hydrology and its water resources are under pressure. Compared to the IPCC AR4 model ensemble, the regional climate model PRECIS does indeed capture local gradients better than global models, but locally the model is prone to large discrepancies between observed and modelled precipitation. It is concluded that a further increase in resolution is necessary to represent local gradients properly. Furthermore, to assess the uncertainty in downscaling, an ensemble of regional climate models should be implemented. Finally, translating the climate variables to streamflow using a hydrological model constitutes a smaller but not negligible source of uncertainty.
Introduction

Climate downscaling in mountain environments
It is expected that global climate change will have a strong impact on water resources in many regions of the world (Bates et al., 2008) . Higher temperatures are likely to increase evapotranspiration and therefore the atmospheric water vapour content. This may result in changes in large-scale precipitation patterns and the frequency of extreme events. The changes in evapotranspiration and the timing and intensity of precipitation are expected to strongly affect various types of water resources, particularly soil moisture, streamflow, and groundwater storage. Understanding the implications of climate change on these hydrological processes is of utmost importance for long-term and sustainable water resources planning.
The output of General Circulation Models (GCMs) is usually combined with hydrological models to translate the changes in atmospheric diagnostics to variables that are of direct relevance for water resources management, such as streamflow in individual catchments. However, the coupling of GCMs with hydrological models is challenging for various reasons. A main problem is the difference in spatial scale between global climate projections and water resources management. Due to limitations in data and computing power, GCMs are typically run on grid cells with a size of several 100 km. As such, they smooth out local gradients in precipitation and temperature. However, for many local hydrological processes these gradients are very important, and therefore further downscaling of climate projections is necessary (Buytaert et al., 2009) .
The need for downscaling is particularly urgent for mountainous regions. Mountain regions provide important environmental services, such as water supply for adjacent, drier lowlands (Viviroli et al., 2010) , but they are also particularly fragile to environmental change. Many of the meteorological, hydrological and biological processes in mountain areas are characterised by strong spatial gradients that can be easily perturbed.
At the same time, climate models predict a stronger effect of global warming in mountain regions compared to lowlands, due to a decreasing lapse rate (Still et al., 1999; Bradley et al., 2006; Urrutia and Vuille, 2009 ). Many of them are also expected to experience longer or stronger dry seasons (Beniston, 2003) . The combination of a fragile ecosystem and an amplified climate change illustrates the potentially dramatic effect of global change on mountain areas and their importance for society. In these regions, the projections of GCMs are of limited value, and appropriate downscaling techniques should be applied to provide climate change information needed to drive hydrological models Although many methods for disaggregation of large scale climate projections have emerged in the scientific literature (for an overview see e.g., Maraun et al., 2010) , very few of these methods have been implemented in complex regions such as tropical mountain areas. The application of statistical downscaling methods is hindered by the lack of longterm precipitation records needed to fit statistical models of precipitation occurrence and amount. Additionally, the density of rain gauges is generally low. In the Ecuadorian Andes, for instance, the average density of rain gauges above 2500 m altitude is around 1 per 220 km 2 . This is just within the recommended minimum densities of non-recording precipitation stations (100-250 km 2 per raingauge, World Meteorological Organisation, 1995), but insufficient to capture local gradients (Buytaert et al., 2006b; Célleri et al., 2007) . Additionally, the location of these rain gauges is strongly biased towards the lower, more densely populated areas. In the upper Andean wet-and grasslands which constitute the major water supply areas, rain gauge density is much lower.
The implementation of regional climate models (RCMs) constitutes an alternative to statistical downscaling methods. These models operate at a typical resolution of 50 km or lower, and can capture the spatiotemporal variability of climate in much greater detail than GCMs. By providing more realistic simulations of present and future climate change in the Andes compared to coarser resolution GCMs, the RCMs can help providing better understanding of the impact these changes will have on Andean ecosystems and streamflow. RCMs are based on the same model physics as the driving GCM and therefore do not require a dense observational network as it is needed for statistical downscaling. However, careful model validation with observational data is still a necessary prerequisite to ensure that the RCMs accurately portray present-day spatiotemporal climate variability, in particular along mountain ranges such as the Andes, where orography strongly affects seasonal distributions of precipitation. RCMs have been used successfully for climate change studies over South America (e.g., Marengo et al., 2009; Soares and Marengo, 2009 ), but their application over the Andes is still in its early stages (Urrutia and Vuille, 2009) . A major drawback of RCMs is that they are computationally expensive and rather complex to implement. Therefore, they are typically not run using the entire range of available AR4 models but simulations are based on just one or two driving GCMs. This significantly complicates uncertainty assessments. Model structural deficiencies, and errors in the forcing data and parameterization can also propagate from the driving GCM to the RCM and increase uncertainties. This makes it imperative to assess the value of RCMs for impact assessment on a case by case basis.
This paper aims at evaluating the usefulness of the regional climate model PRECIS and regional climate models in general for water resources management in the Ecuadorian Andes. PRECIS was previously implemented for tropical South America by Urrutia and Vuille (2009) . Here we evaluate the control simulation carried out by PRECIS and compare its performance with the models included in the IPCC Third and Fourth Assessment Report (TAR and AR4, IPCC, 2001, 2007) . In a second part of the study, the GCM results are routed through a hydrological model to assess the uncertainty in future discharge predictions, and to evaluate the relative impact of the uncertainty of the climate projections compared to the hydrological model.
Climate change in the tropical Andes
The concern regarding water resources in the Andes is reflective of the rapidly changing climate throughout the region. This is most notable in observations of near-surface temperature, which show an increase of 0.7 • C over the past seven decades (1939 ( , Vuille et al., 2008 . Of the last 20 years only two (1996 and 1999) were below the long term average. Analyses of changes in freezing level height (FLH) over the American Cordillera and the Andes, based on the NCEP-NCAR reanalysis data show an increase of 73 m between 1948 and 2000 and of 53 m between 1958 and 2000, a period for which the data are considered more reliable (Diaz et al., 2003) . The notion that warming will be exacerbated at the highest elevations as suggested by GCM results is hard to verify due to the lack of long and reliable observational records. However, recent reports from the Andes of Peru, which show that daily maximum temperatures now rise well above the freezing temperature between October and May even at elevations as high as 5680 m certainly seem to support this assumption (Bradley et al., 2009 ).
Such changes in temperature are sufficient to cause significant shifts in the ranges of native species and water availability.
Changes in precipitation over the 20th century have been less notable but Vuille et al. (2003) found a tendency for increased precipitation north of 11 • S, in Ecuador, while in southern Peru and along the Peru/Bolivia border most stations indicate a precipitation decrease. These results were later confirmed by Haylock et al. (2006) , who also found a change toward wetter conditions in Ecuador and northern Peru, and a decrease in southern Peru. Outgoing longwave radiation (OLR), which is indicative of convective activity and precipitation, shows a significant decrease over the tropical Andes in austral summer (Vuille et al., 2003 (Vuille et al., , 2008 . In the outer tropics (south of 10 • S) the trend is reversed, featuring an increase in OLR. While these trends are weak and largely insignificant, they are consistent with projected changes in precipitation for the end of the 21st century by the IPCC AR4 model ensemble (Vera et al., 2006) .
Methods
Study region
The PRECIS model is evaluated over the Ecuadorian Andes. In Ecuador, the Andes consists of two parallel, northsouth oriented mountain ranges, separated by the so-called Interandean Valley. This valley is the economic backbone of the country. It hosts major cities such as the capital Quito (around 2 million inhabitants) in the north, and Cuenca (around 500 000 inhabitants) further south. Both mountain ranges reach an altitude of typically 4000 m, with some peaks exceeding 6000 m.
The climate in the Ecuadorian Andes is governed by various large-scale climate processes (Vuille et al., 2000) . In the south-west, the Pacific Humboldt current provides cool and dry air masses, which lead to a semi-arid climate. Further north along the Pacific coast, a tropical humid climate is induced by the warm and moist air masses advected from the equatorial Pacific. The eastern slopes of the Andes are perennially wet under the influence of the Amazon basin. Finally, the interandean valley is typically drier than the eastern side since most of the air masses have lost their humidity during the orographic uplift on the outer slopes of the Andes. Overall, precipitation patterns are highly variable, ranging from over 3000 mm on the outer Amazonian slopes to less than 500 mm in the interandean valley and the south-west Pacific slopes. On interannual time scales precipitation and temperature variability is quite large and dominated primarily by tropical Pacific SST, with El Niño events leading to warmer and drier conditions in most of the Ecuadorian Andes, except for the SW part, while opposite conditions tend to prevail during periods of La Niña (Vuille et al., 2000; Francou et al., 2004) . The study is conducted at two scales. The global and regional climate models are evaluated on a grid that covers Ecuador (75.2-81.1 • E, 1.5 • N-5 • S). This scale allows for analysing the performance of the climate models over the three major climate regions: the Amazon basin, the Andes and the Pacific coast. The hydrological analysis focuses on the Tomebamba river basin (1250 km 2 ) in the south Ecuadorian Andes. The Tomebamba is a subbasin of the Paute river basin (around 6500 km 2 , Fig. 1 ), which hosts the largest hydropower dam in the country (Daniel Palacios, 1075 MW). A second plant was recently opened (Mazar, February 2010) . When fully functional, the system can supply up to a 50% of the country energy needs. Additionally, the Tomebamba river is a major water supplier for the city of Cuenca. As a result, the catchment plays a key role in the socio-economic development of the region and there is an urgent need for adequate climate change adaptation strategies.
Modelling
Climate modelling
The GCM ensembles projections for 2070-2099 of TAR and AR4 (IPCC, 2001 (IPCC, , 2007 were obtained from the IPCC data repository. The PRECIS model was implemented with the boundary conditions of HadAM3p for the A2 and B2 emission scenarios at a resolution of 50 km. PRECIS is a limitedarea, regional climate model, based on the third generation Hadley Centre RCM (HadRM3) (Jones et al., 2004) . A number of studies have used this GCM-RCM configuration for regional 21st century climate change assessments over Central and South America (Garreaud and Falvey, 2009; Karmalkar et al., 2008; Marengo et al., 2009; Soares and Marengo, 2009; Urrutia and Vuille, 2009) .
The delta method (Fowler et al., 2007) was used to generate time series of future precipitation for the hydrological modelling. In this method, differences between the control and future GCM simulations are applied to historical observations by simple scaling. The delta method was used taking into account seasonality in the change factors, i.e., a scaling factor was calculated for each month of the year.
The delta method makes strong assumptions about the nature of the changes, including a lack of change in the variability and spatial patterns of climate. However, the lack of data and the high variability of the climate system in the region complicate the use of more complex downscaling models.
The future potential evapotranspiration regime was recalculated with the adjusted Thornthwaite relation after adapting the average monthly temperature for future conditions. This method does not take into account the impacts of changes in radiation and humidity on the potential evapotranspiration. However, not all GCMs provide projections for these variables, which would have limited the number of GCMs in the ensemble. We expect that this approach underestimates slightly the range of future streamflow estimates, as models predicting a drier (wetter) future will have a lower (higher) cloud cover and therefore a higher (lower) evapotranspiration. However, it does not affect the conclusions of his paper. For further discussion of the impact of climate change on evapotranspiration and different calculation methods we refer to Kingston et al. (2009) .
Hydrological modelling
The Tomebamba basin has a complex hydrology. The upper part of the basin is covered with tropical alpine wetlands, covering metamorphic bedrock of low permeability. In the lower parts of the catchment, quaternary deposits with high permeability give rise to ground water aquifers that are thought to contribute significantly to the hydrological response. Although the major hydrological processes in the catchment are reasonably well understood, very little quantitative information is available. Therefore, a detailed representation of these processes in a hydrological model is impossible in view of the available data, and a parsimonious modelling approach was adopted instead.
The model takes precipitation and potential evapotranspiration time series as input, and produces runoff time series in two steps (Beven, 2001 ). First, a loss module calculates evapotranspiration losses and converts precipitation into effective precipitation (i.e. the part of precipitatation that makes it to streamflow). Second, a routing module representing the delay between precipitation and discharge. In the study region, actual evapotranspiration may be significantly lower than potential evapotranspiration due to soil moisture deficits. Both potential evapotranspiration and soil moisture are strongly dependent on climatological conditions which may change in future scenarios. These changes are accounted for by applying the catchment moisture deficit store of Croke and Jakeman (2004) as a loss module.
For the routing module, two parallel linear stores, for respectively a quick and slow flow component, were implemented (Buytaert et al., 2004; Chapman, 2003; Beven, 2001, p.106) . More complex solutions were tested, including autoregression functions and multiple combinations of linear stores, but these configurations did not improve the model performance, while adding additional parameters. The final model has 4 parameters and needs 2 initialisation values.
Potential evapotranspiration was calculated by means of the FAO-Penman Monteith method (Allen et al., 1998) , using data from four nearby meteorological stations. To account for altitudinal gradients, the evapotranspiration data were interpolated using a digital elevation map at 50 m resolution. For the interpolation, the Thornthwaite relation between temperature and potential evapotranspiration was combined with a lapse rate obtained from 24 local temperature stations (−0.54 • C 100 m −1 ) (Timbe, 2004) . As the time series for calculating evapotranspiration do not cover the entire modelling region, a monthly climatology was used. For simple hydrological models research has shown that this is generally sufficient (Oudin et al., 2005) Areal averages of precipitation were obtained from 13 rain gauges (Célleri et al., 2007) using Thiessen interpolation. Some gaps in the rain gauge data were filled using extrapolation from nearby stations using linear regression. Finally, the model was run with a daily timestep for the period from 1978 to 1991, including a one year spin-up period.
Hydrological model calibration and uncertainty analysis
Although a full time series of precipitation data is available, daily discharge data availability for the Tomebamba basin for the study region is only 81%. Therefore the model was run continuously from 1978 to 1991, but only the simulated discharges that have a corresponding observed discharge were used for model calibration. The hydrological model was calibrated by comparing the simulated and observed discharge directly using the Nash Sutcliffe efficiency and absolute bias. Since our analysis focuses on water resources, the observed and simulated discharge time series were summarised in flow duration curves and average monthly discharge. A variation of the Generalised Likelihood Uncertainty Estimation method (GLUE, Beven and Binley, 1992) was used for the uncertainty analysis. Using Monte Carlo sampling from uniform prior parameter distributions, 10 5 parameter sets were generated and evaluated using the NashSutcliffe efficiency. Behavioural parameter sets were selected based on a Nash-Sutcliffe threshold, such that the prediction envelope for the flow duration curves and the average monthly discharge bracket the observed flow duration curve and monthly discharge entirely. The hydrological model was run with the behavioural parameter sets for the observed period and the future projections of the model ensemble. Finally, 90% prediction limits were calculated for the flow duration curves and average monthly discharge for the past and future periods. Figure 2 shows the average and the range of the projected anomalies in annual precipitation and temperature for Ecuador for the A1B emission scenario and the period 2070-2099. Using the average of the entire IPCC ensemble, an increase in precipitation of around 7.5-10% is expected over the Ecuadorian Andes (Fig. 2b) , together with a temperature increase of around 3 • C (Fig. 2f) .
Results and discussion
Projections
However, the variation between model projections is considerable. The total disagreement in the magnitude of the precipitation anomalies is often higher than 50% of annual rainfall (Fig. 2c) , while temperature projections range from around 1.5 to 4 • C (Fig. 2f) . In the plots of the projection ranges and model agreement ( Fig. 2c and d) , the Andes do not stand out as a region with a particularly high model uncertainty. However, in the twentieth century runs for precipitation (Fig. 2a) , the Andes region and its surroundings are visible as a region with a higher variation in model simulations compared to the surrounding areas (Pacific Ocean and Amazon basin).
The disagreement among the models in representing the local climate patterns over the Andes may have several underlying causes, but it is likely that differences in resolution are a major factor. Indeed, due to their coarse resolution several GCMs are unable to represent elevation gradients properly, thus neglecting locally important processes such as orographic precipitation and localised convective events. A detailed comparison of the parameterisation schemes of all GCMs would be necessary to understand the mechanisms behind this divergence, which is beyond the scope of this study. However, the fact that GCMs disagree in the representation of current climate poses questions about the reliability of projected anomalies.
At local scale and taking into account other emission scenarios, the variability in projections increases dramatically. For the Tomebamba catchment, projections for the 2070-2099 period range between a −25% and 45% change in precipitation, and a temperature increase of 1.2 to 4.8 • C (Fig. 3) . Rejecting or reducing the weight of certain emission scenarios or models may be one option to reduce these climate envelopes, but such decisions are subjective and controversial (e.g., Allen and Ingram, 2002; Stainforth et al., 2007b) . Alternatively, especially for mountainous regions, downscaling can be explored as a potential pathway to reduce uncertainty.
Evaluation of regional downscaling
This section evaluates the use of PRECIS to improve GCM projections over the Andes. Simulations are selected for the 1961-1990 control run, since they can be evaluated with observational data. It should be noted that a better simulation during the control run does not necessarily indicate a better simulation in future conditions (Stainforth et al., 2007a) . We focus on the performance of PRECIS in downscaling precipitation, which is the most important variable for water resources management.
The improved resolution of PRECIS compared to HadAM3p results in a much more complex pattern of current and future precipitation fields (Fig. 4) . However, a comparison with the 10 min. observed climatology of New et al. (2000) reveals that this does not necessarily result in improved simulations (Fig. 5) .
In general (Fig. 5a ), PRECIS underestimates precipitation along the lower Amazonian slopes of the Andes, while precipitation is overestimated at the higher elevations of the Amazonian side of the Andes, consistent with the model validation in Urrutia and Vuille (2009) .
The observed displacement between observed and modelled precipitation suggests that PRECIS is incapable of fully capturing the extreme gradient in orographic precipitation that exists along the eastern slope of the Ecuadorian Andes. The overestimation of precipitation along the eastern Andean slope is a problem common to all RCMs and related to excessive orographic uplift due to strong easterly winds (e.g., da Rocha et al., 2009; Insel et al., 2010; Urrutia and Vuille, 2009) . It should be kept in mind, however, that the gridded observational precipitation products such as the climatology data have significant uncertainties arising from space-time gaps in the observational records, instrumentation and calibration problems, and sampling inadequacies. This problem is more serious for mountainous regions where the station density is low and interpolation procedures introduce errors (New et al., 1999) .
Even if the higher resolution of RCMs may not be sufficient to provide correct localised predictions, a better representation of climate patterns may result in an improved simulation at a regional scale. However, the scale at which such aggregation pays off is strongly dependent on the local climate conditions. Figure 5 investigates in more detail the impact of the scale of aggregation on the accuracy of climate projections for both PRECIS and HadAM3p. The control run of PRECIS and HadAM3p are compared with the observed climatology at three levels of aggregation: the climatology resolution (0.167 • ), the resolution of PRECIS (0.5 • ) and the resolution of HadAM3p (1.25 by 1.875 • ) (Fig. 5) .
At HadAM3p resolution ( Fig. 5c and f) reveals that PRE-CIS has some potential for improving precipitation simulations slightly, particularly over the Amazon basin where HadAM3p consistently underestimates precipitation. A similar pattern is observed at PRECIS resolution ( Fig. 5b and e), although local gradients over the slopes of the Andes play a more pronounced role. This is particularly the case over the Amazonian slope of central Ecuador, where PRECIS overshoots observed precipitation dramatically, thus locally yielding worse results than HadAM3p. Finally, at higher resolution ( Fig. 5a and d ) the effect is even more pronounced. Both PRECIS and HadAM3p are unable to simulate orographic precipitation along both Andean slopes, with the eastern slope of the central Ecuadorian Andes being particularly problematic. This is indeed a region dominated by strong orographic precipitation.
The results show that resolving high-resolution precipitation gradients in climate models is difficult and potentially risky. Misalignments between simulated and the observed atmospheric processes may result in very poor performance of the regional climate model in certain locations. Such errors are averaged out over larger regions, but may be problematic for local impact assessment where the exact location of precipitation is important.
Downscaling in a wider uncertainty context
Uncertainty in the prediction of future hydrology arises from multiple sources: the GCM climate projections, the downscaling model and the hydrologic model. The route towards lower uncertainty requires an assessment of each. Therefore, we assessed the combined uncertainty in predicting future hydrological conditions in the Tomebamba basin, Ecuador. Figure 6 shows the 90% uncertainty bounds of predicting the flow duration curve and seasonal variability of river discharge under future climate conditions. This analysis focuses on the A1B scenario, to facilitate comparison with similar efforts elsewhere. The largest share of the uncertainty in future projections (50.8% for the flow duration curves and 79.2% for the seasonality) results from the climate model ensemble.
A first approach to decrease this uncertainty would be to improve the GCMs themselves. However, this study shows that a resolution of 50 km, which is the resolution at which PRECIS is implemented, appears to be insufficient to capture the high spatial gradients of precipitation processes in the Andes. Hence, it is unlikely that global models can be sufficiently improved in the near future, and run at resolutions high enough to provide good predictions in these complex environments. Alternatively, a nested approach in which the GCMs are further downscaled with either statistical or dynamical techniques can be pursued. Our evaluation of PRECIS has shown that the use of dynamic models is not without risk. Additionally, such models should be implemented for all GCMs, in order to evaluate the uncertainty envelope of the entire ensemble. This is a challenging task. Another option is to use statistical methods, which are easier to implement. This study used the rudimentary delta method, which, apart from making very strong assumptions, requires the use of highly uncertain precipitation projections from the GCMs. More advanced statistical downscaling methods, such as weather generators (Maraun et al., 2010) relate local precipitation patterns directly to other climate variables such as temperature and sea level pressure. As the latter variables tend to be simulated better by global models, such an approach may reduce the uncertainty of local precipitation projections. However, the development and testing of such downscaling models in tropical regions is in its infancy.
The significant contribution of the hydrological model itself to the total uncertainty highlights that apart from improving climate projections, there is also a need for an improved hydrological understanding of the studied system. Previous hydrological research in the area (see Buytaert et al., 2006a , for an overview) has shown that many hydrological processes such as the functioning of local wetlands are still poorly understood.
Implications for water resources management
Looking at the total uncertainty (Fig. 6 ) the range of potential scenarios is very wide. The potential future conditions bracket the current conditions entirely. Hence, at this moment no decisive conclusions can be drawn about the magnitude or the direction of change of the discharge regime under future climate conditions. The question remains whether such projections are useful for water resources management. Water managers usually turn to scientists for updates on the latest certainties. An important implication of these and similar results (e.g., Dessai and Hulme, 2007) is that it might be wiser to turn to scientists for updates on the range of uncertainties for climate change impact questions. The regional climate change projections do not provide reliable estimates of future precipitation patterns at a local scale, which are needed to optimise water management strategies. They provide information about the range of uncertainties and if anything, the range of plausible precipitation scenarios only broadens when climate change impacts are taken into account. While additional research can probably reduce the range of plausible scenarios somewhat, important uncertainties are unlikely to be eliminated in the foreseeable future. Still, adaptation decisions need to be taken now.
So, when optimising water management based on future precipitation projections that are riddled with uncertainties, what is the relevance of these modelling efforts for sustainable water management? Developments in climate adaptation and water management research present a number of different approaches to uncertainties and decision making. Adaptive water management (Pahl-Wostl, 2007) starts from the acceptance of irreducible uncertainties about future (climatic) changes. Assuming future changes and irreducible uncertainties about the direction and timing of these changes, adaptive management approaches move away from a "predict-and-control" paradigm, towards a more adaptive approach, with continuous learning and flexibility as key aims. In this sense, infrastructural investments with high sunk costs, irreversible decisions, or fixed management strategies prevent continuous learning and adjustment. A more effective way of dealing with unpredictability is to avoid control by creating the capacity to respond effectively to changing and unknown conditions, through developing strategies that are robust under the full range of possible future scenarios, through diversification of strategies or through strategies that can be flexibly applied when needed (Brugnach et al., 2008) . The call for robust strategies can be complemented with a focus on the key vulnerabilities of the water system and the services it provides, rather than on the optimal strategy (Dessai et al., 2009) . Evidence on the range of plausible representations of future climate then becomes highly instrumental for identifying and addressing these vulnerabilities, in order to avoid that the water system would fail to provide the critical minimum of services. A related approach is the development of "no regret" interventions, defined as strategies that yield benefits regardless of future trends in climate scenarios (Heltberg et al., 2009) . Given that climate is only one of the many uncertain processes that influence water resources management, "no regret" strategies will favour measures that are beneficial for these other domains as well.
These strategies are ideally the outcome of an integrated approach involving scientists, resource managers and stakeholders. In the Paute basin, such interactions have been ongoing for a long time. Two key ecosystems, Andean forests and alpine wetlands, have been identified as excellent water providers due to their high water storage and regulation capacity. Adaptation efforts have therefore focused on an improved management and conservation of these ecosystems (Célleri and Feyen, 2009) . Similarly, erosion control and restoration of degraded agricultural fields in the lower areas of the Paute basin intend to lower the agricultural pressure on water resource areas (Dercon et al., 2006) .
Conclusions
This study is concerned with the usefulness of RCMs for downscaling global climate projections for regional water management in the Ecuadorian Andes. Global circulation models project an increase in temperature (around 3 • C, Fig. 2b ) and precipitation (around 10%, Fig. 2f ) over the Ecuadorian Andes. The uncertainty in the projections, quantified by the ensemble projection range, is similar to the adjacent Amazon and Pacific regions. However, the Andes stand out as a region of high uncertainty during the twentieth century run (20C3M, Fig. 2a) , casting doubt over the reliability of future projections.
The evaluation of the RCM PRECIS over the tropical Andes gave mixed results (Fig. 5 ). Compared to HadAM3p, which provided the boundary conditions of the PRECIS implementation, PRECIS is able to simulate total precipitation better over the Amazon basin. However, large errors in the simulation of precipitation patterns appear over the Andes when the model is compared to observational data. Locally, they can overshoot the error in the coarse resolution HadAM3p model. The results show that at least for some regions and scales of aggregation, regional climate models such as PRECIS may be instrumental in improving the simulations of global climate models. However, the conditions for such improvement should be very carefully analysed. For local climate, RCMs may produce as inappropriate or worse results compared with GCMs, especially when precipitation is considered. For most other variables that are elevation dependent (e.g., temperature), the better vertical resolution of RCMs does, however, yield a significant improvement over GCMs (Urrutia and Vuille, 2009) . Biases in precipitation projections at the regional scale are nonetheless problematic as this is very often the scale at which water management is implemented, especially in tropical regions (e.g., small scale irrigation schemes). Also for many larger watersheds, providing mean areal averages of precipitation (as in Fig. 5c and f) is often insufficient. Especially in hydrologically heterogeneous regions such as the Andes, the exact location of precipitation is very important. For instance, high altitudinal wetlands have a very different hydrological response than the degraded, steep slopes of the interandean valley (e.g., Buytaert et al., 2006a) It should be noted, however, that observed climatologies themselves are prone to large uncertainties. Also, this paper analysed only yearly means. The comparison of the representation of seasonality in PRECIS is the topic of further research.
The question remains to which extent these results can be extrapolated to other regions. The Ecuadorian Andes is a region with extreme gradients in precipitation, and a surface water dominated hydrology with limited buffering capacity. Similar regions, such as the rest of the northern Andes and other tropical mountain regions, may experience similar problems. However, in glaciated or snowmelt dominated regions (including much of the outer tropical and subtropical Andes) with a long dry season the situation can be quite different. Here, changes in temperature are more important as they drive glacier and snowmelt. It is expected that during the dry season no large changes in precipitation will occur and that temperature changes will be the most important driver of changes in water resources. This can only be realistically investigated with RCMs due to the elevation dependence of projected temperature changes.
Finally, this study evaluated only one RCM driven by one GCM. Other combinations may give very different results. In order to evaluate whether RCMs indeed decrease the entire projection envelope of precipitation, it is necessary to implement RCMs for the entire GCM ensemble. Such efforts are currently ongoing (e.g., the CORDEX experiment). However, at least for some regions it may be that uncertainty will not reduce sufficiently in the near future to translate climate projections into hydrological projections that are of direct relevance for local water resources management. In such areas, adaptation strategies should focus on decreasing the vulnerabilities and increasing the robustness of current supply systems.
